The wavelength, λ, range of 1.8 μm ≤ λ ≤ 3.5 μm contains strong spectral absorption lines of many gases used in health, industry, safety, and medicine and whose sensitive and quantitative detection is desirable. However, the performance of InP diode lasers markedly deteriorates beyond λ∼2 μm. In this paper we present new results on developing tunable high power single mode laser diodes based on the GaSb material system with emission in the wavelength range of 1.8 μm ≤ λ ≤ 2.2 μm.
INTRODUCTION
Tunable diode laser absorption spectroscopy (TDLAS) is a versatile and robust method for gas sensing with applications ranging in industry, health and safety (e.g., toxic gas, alcohol, and explosives), and medicine [1] [2] [3] . Gallium antimonide (GaSb) is an important material system for single mode diode lasers for the near and mid-infrared spectral region. While it is well known that beyond λ ∼ 1.8 μm, GaSb shows higher gain and offers higher power than lasers grown on an indium phosphide (InP) material system [4] , only a few reports have described the fabrication of single mode laser diodes targeting the spectral range of 1.8 μm ≤ λ ≤ 2.2 μm with GaSb materials. Here we present the advantages of GaSb based lasers in the 2 μm regime where we do not know existing publications, and we report on the design and growth of epitaxial structures as well as on their performance when fabricated into GaSb laser diodes [5] in this regime. All common publications of our knowledge have concentrated on the spectral range of 2.3 μm ≤ λ ≤ 3 μm with the GaSb material system [6] [7] [8] and below 2.3 μm with the InP material system [9] . In addition, a summary of 35 potential biomarkers and their physiological symptoms is presented as an application example in [1] . Here we present, to the best of our knowledge, the first application data of fabricated single mode GaSb laser devices on N 2 O (nitrous oxide or laughing gas), CO 2 (carbon dioxide), and H 2 O (water vapor) in the 1.9 μm ≤ λ ≤ 2.1 μm spectral regions.
EPITAXIAL STRUCTURE OF GASB BASED SINGLE MODE LASER DIODES
The goal of our research reported here is to develop new costeffective laser diode sources with higher power than currently provided by InP based laser diodes emitting in the 1.8 μm ≤ λ ≤ 3.5 μm wavelength range, enabling higher detection sensitivities of industrially interesting gases. Overcoming the shortcomings of existing wavelength tunable laser diodes and negating their underlying deficiencies has driven our design and development of low-cost single mode laser diodes with emission in the wavelength range of 1.8 μm ≤ λ ≤ 3.5 μm. The cost and detection sensitivity issues have been simultaneously addressed by exploiting new lower-cost and more easily manufactured laser diode devices, digital distributed feedback (DFB) laser diodes, where single mode emission is obtained by etching a digital grating in the upper surface of a conventional ridge waveguide (RWG) Fabry-Perot (FP) laser to provide single mode lasers at these longer wavelengths with high emission power and narrow emission lines with high side mode suppression ratios (SMSRs). Digital DFB laser diodes (D-DFBs) use digital gratings that are photo-lithographically patterned directly along the upper surface of an otherwise conventional RWG FP laser. This approach requires only a single material growth stage and uses optical lithography and simple etching to realize both the ridge and digital grating [10] . Our long wavelength GaSb laser diodes are fabricated using compressively strained GaSb wafers as shown in the structure in Table 1 . Figure 1 shows the room temperature photoluminescence (PL) spectra of the grown GaSb wafers whose typical layer structure is displayed in Table 1 . The wafers are designed for optimized peak PL emission at λ 1.9 nm and λ 2.02 μm. Excellent agreement is seen between the designed and realized PL peak emission. The features on the short wavelength shoulder of the spectrum labeled λ 1.896 nm are due to absorption by water vapor in the PL measurement apparatus. The PL spectra are otherwise characterized by excellent intensity and a smooth distribution of power across the wavelength spectrum.
To process the wafer further for chip manufacturing, RWG and grating structures are etched into the wafer material. Simulations were carried out to refine the etch depth and waveguiding properties of RWG structures to be implemented in the layer structure. This is illustrated in Fig. 2 , while Fig. 3 shows the calculated far-field patterns of the mode that is guided under the waveguide. The material loss is deduced from the overlap of the mode with the individual layers and mainly affected by the p-doping profile [11] .
Using this data, simulations were carried out on the lasing characteristics of different devices of varying length and facet reflectivities, as shown in Fig. 4 . The different chip lengths used are L cav 400, 600, and 900 μm. For the diode laser facets, one side was kept constant at a high reflectivity value of 90% while the other one was varied between 1% and 20% [12, 13] . Figure 5 shows the measured light-intensity (L) versus bias current (I), L versus I, curves for a range of L cav as delineated in the figure and for facet reflectivities of 90% and 10%. These simulations are encouraging, as they project that a reasonable emission power can be obtained even with short devices.
Simulations follow the same trend as before, also taking into account that the internal losses due to the wavelength selection elements will be considerably higher. The results are presented in the same way as the previous L versus I curves, accounting for different chip lengths and a constant reflectivity [14] for the diode's facet, as can be seen in Fig. 6 . The measured LI curve for the single tunable mode is displayed in Fig. 7 .
RESULTS AND APPLICATION DATA
The National Meteorological Service of Germany, the Deutscher Wetterdienst (DWD), defines H 2 O, CO 2 , CH 4 , and N 2 O as the most concerning greenhouse gases. As water vapor is the most problematic one, because of its quantity in the atmosphere, due to the fact that it has its own natural sources, the other three are already much more effective in lower doses [15] . In this paper we concentrate on the detection of H 2 O, N 2 O, and CO 2 as applications for the new long wavelength excitation sources. The used wavelength range was 1.88 μm ≤ λ ≤ 2.13 μm. Furthermore, N 2 O and CO 2 are two very important gases in the area of biomedical patient monitoring and treatment. CO 2 is a monitoring gas especially for breath analysis, and N 2 O is a gas used in anesthesia.
For the experimental setup, different excitation sources were selected for all the gases of interest. All laser diodes are specified in the following subsections with their sensor applications. The laser diodes are temperature stabilized, and for these measurements the submount temperatures, T LD , were controlled with a precision of T LD 20°C 0.01°C. For sensor applications, the measurements were done by projecting the laser light through a 1-m-long gas tube where several gas values can be controlled. In these experiments the tube was not heated or cooled so that the gas was held at room temperature. After the gas tube the optical signal was measured using an extended response InGaAs detector specified for these wavelengths.
A. GaSb DFB Diode Laser with Emission Around λ∼2 μm for Use in a CO 2 Sensor Application While CO 2 is a greenhouse gas, it is also interesting in the medical area for applications such as breath monitoring. CO 2 has multiple absorption lines around λ ∼ 2 μm. We packaged a digital DFB diode with emission centered at λ∼2 μm to measure the detectivity of CO 2 using these devices at λ∼2 μm. The characteristics of this diode are shown in Fig. 8 .
As can be seen in Fig. 8 , the laser threshold is around 20 mA and the laser emission power increases with bias current to almost 20 mW at I 140 mA. In the lower inset the optical spectrum is shown. The measured (instrument limited) SMSR is 35.59 dB at I bias 100 mA (corresponding to an emitted power of P out ∼10 mW ). In the upper inset the tuning behavior of the wavelength over the current is displayed for four different temperatures in steps of 5 deg. The current tuning range is around Δλ 2 nm for ΔI bias ∼100 mA. The temperature tuning range is about Δλ 2.5 nm for ΔT LD 15 deg . By varying the laser bias current around 110 mA with a 75 mA peak to peak sinusoidal modulation current, the gas absorption was scanned over a wavelength range of 1.5 nm. The measured CO 2 spectrum is displayed in Fig. 9 (red curve), where the ro-vibrational states of CO 2 can be seen. Here the R15 to R17 states are measured with the λ∼2 μm digital DFB laser emission. For comparison in Fig. 9 the simulated HITRAN spectrum [16] is displayed (black curve). As is clear, the measured and the simulated spectra match quite well. In the experiment as well as in the simulation the pressure of the gas tube was set to 4.5 mbar (3.3 Torr; 450 Pa).
B. 2128 nm DFB Diode Laser as Sensor Application for N 2 O
The detection of N 2 O (laughing gas) can also be interesting in the concern of greenhouse gases as well as for medical monitoring of laughing gas as a narcotic gas for surgeries. N 2 O has a broad ro-vibrational absorption comb around λ∼2.114 μm that ranges over 25 nm to both sides [16] . For measuring this gas we packaged a GaSb diode with a central wavelength of λ∼2.128 μm from a comparable wafer as done previously. This shows the flexibility of the technology since many different laser diodes with different emission wavelengths can be implemented using a single mask set. The characteristics of this λ∼2.128 μm digital DFB laser diode are shown in Fig. 10 .
In Fig. 10 the light-intensity behavior is displayed. There it is shown that the laser threshold is around 35 mA and that the laser power can be increased by increasing the laser bias current to a maximum of P out 6 mW at I bias 200 mA. In the upper inset the wavelength tuning behavior over the current is displayed for different temperatures. The current tuning range is nearly Δλ 5 nm for ΔI bias 120 mA. The temperature tuning range is over 3 nm for T LD 15°C. In the lower inset the optical spectrum is shown. An instrument limited SMSR of 36.7 dB is measured for I bias 110 mA. The lower output power and the higher threshold compared with the 2 μm DFB laser are caused by an earlier development stage where the RWG topology and surface roughness were not as ideal as in the 2 μm wafer. Also the reflectivity of the front facet coating is 30% instead of 10% for the 2 μm DFB laser [17] .
The gas absorption was measured over a wavelength range of 2 nm by tuning the laser around 150 mA with a peak to peak sinusoidal modulation current of 48 mA at normal conditions. The measured N 2 O spectrum is displayed in Fig. 11 (red curve), where the ro-vibrational states of N 2 O can be clearly observed. Here the P33 to P35 states are measured with the Fig. 9 . Measured ro-vibrational R15 to R17 states of CO 2 in the range of 1999.5 to 2001 nm at 4.5 mbar (red curve); calculated HITRAN spectrum by spectraplot.com [16] (black curve) under the same conditions. Fig. 10 . L versus I versus I curve of the λ∼2.114 μm digital DFB laser diode at T LD 20°C. The behavior with bias current can be clearly seen in the upper inset for different temperatures. In the lower inset the emission spectrum is plotted and the optical spectrum. An SMSR of 36.7 dB is measured, limited by the sensitivity of the optical spectrum analyzer. Fig. 11 . Measured ro-vibrational P33 to P35 states of N 2 O in the wavelength range of 2129.7 nm ≤ λ ≤ 2131.5 nm (red curve); calculated HITRAN spectrum by spectraplot.com [16] (black curve) under the same conditions. λ 2.128 μm digital DFB laser. Again for comparison in Fig. 11 (black curve), the simulated HITRAN spectrum [16] is displayed. As can be seen, the measured and the calculated spectra show good accordance.
C. λ 1950 nm External Cavity Diode Laser as Water Vapor Sensor Application
Water vapor is the most important greenhouse gas because of its quantity in the atmosphere. Water vapor also has huge natural sources, as sunlight has only to shine on the oceans to increase the water vapor concentration. Strong water vapor absorption lines are distributed over the whole IR spectral region, thereby making the measurement quite straightforward. Indeed the absorption lines were so strong that a gas tube was not required and just beaming the laser a few centimeters through the laboratory air at normal conditions sufficed to measure strong absorption. This measurement was also done with another type of laser source than the devices used before. Here we utilized an external cavity diode laser (ECDL) arrangement that was emitted in a narrow spectrum when operated in the Littman configuration [18, 19] . In a Littman configuration the wavelength can be tuned by adjusting the mirror position relative to the grating by a motor. For measuring water vapor we used a GaSb diode based ECDL where the GaSb FP gain block operated at a center wavelength of λ ∼ 1.95 μm. The emission characteristics of this ECDL are shown in Fig. 12 .
The laser threshold is I bias 112 mA, and the laser power can be increased with bias current to a maximum of nearly 21 mW, both at the central wavelength of 1.95 μm. The kinks in the PI curve are mode hops, which result from chip length changes with increasing laser current [17, 20] . In the lower inset the optical spectrum is shown. A stable SMSR value exceeding 50 dB is seen at I bias 500 mA for the entire tuning range. The tuning behavior of the wavelength by the external cavity can also be seen in both insets of Fig. 12 . In the upper inset the power output over the motor tuning behavior is displayed. By adjusting the mirror in this Littman configuration, the motor can tune the wavelength from 1.82 to 2.02 μm.
By tuning the wavelength of the ECDL with the motor the gas was scanned over a wavelength range of 15 nm. The measured H 2 O spectrum is displayed in Fig. 13 (red curve) .
Here the used detector was a power meter, which also displays the power behavior of the ECDL when wavelength tuned. A trend of increasing power can be noticed due to this effect. For comparison, in Fig. 13 the simulated HITRAN spectrum [16] (black curve) is displayed. As can be seen, the measured and the simulated spectra again match quite well.
CONCLUSIONS
The successfully fabricated GaSb based D-DFB and ECDL systems are a milestone for the sensing of markers for medical diagnosis and greenhouse monitoring. Future work will expand the wavelength coverage into the wavelength range of 1.8 μm ≤ λ ≤ 3.4 μm. Many molecular gases, which are relevant for gas sensing with applications ranging in health and safety (e.g., toxic gas, alcohol, and explosives), industry, and medicine, show significant absorption within this spectral region [16] . Here we provided examples demonstrating the excellent performance of GaSb grown diode laser systems with high power performance and excellent single mode behavior, proving their high capability for future application. This excellent performance was verified via spectroscopy of relevant greenhouse gases and gases of medical interest.
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